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INTRODUCTION
Global crop losses are projected to rise with the increased frequency and severity of drought events as a consequence of climate change (Dai, 2013; Cook et al., 2014) . Efforts to improve drought tolerance in crop plants have been largely unfruitful due to the low heritability of tolerance, varied effects of drought throughout the growing season, and gaps in our understanding of drought physiology (Campos et al., 2004; Cattivelli et al., 2008; Van Vuuren et al., 2009) . Plants have evolved a wide range of physiological and morphological adaptations to cope with water stress, ranging from simple mechanisms such as leaf shedding to complex processes such as the extreme desiccation observed in resurrection plants (Farrant and Moore, 2011) .
Most water loss in plants occurs through daytime evapotranspiration during the uptake of atmospheric CO 2 for photosynthesis. CAM plants minimize water loss by assimilating carbon nocturnally when temperatures are lower and evapotranspiration rates are minimized. CAM plants have higher water-use efficiency (WUE) and drought tolerance (Fischer and Turner, 1978; Osmond, 1978) than their C 3 and C 4 photosynthesis relatives. CAM plants can be established on marginal, semi-arid or degraded agricultural lands or to reclaim drylands (Borland et al., 2009) . The CAM pathway is highly plastic and occurs along a continuum, ranging from inducible C 3 to constitutive CAM plants (Silvera et al., 2010) . CAM is found in at least 343 genera across 36 plant families and an estimated 6% of higher plants use CAM (Silvera et al., 2010) . The diversity of CAM phenotypes can be explained by the independent origins of CAM that, by current estimates, exceed 40. The recent and recurrent evolution of CAM suggests the possibility of convergent evolution through the recruitment of the same ancestral C 3 photosynthesis pathways in independent lineages. In addition to the temporal metabolic phase shifts, CAM plants are typically more succulent, with larger mesophyll cells and greater leaf thickness compared with their C 3 and C 4 photosynthesis relatives (L€ uttge, 2004) .
High WUE and drought tolerance make CAM an attractive pathway to engineer improved crop performance in water-limited environments such as semi-arid regions and areas most affected by climate change . Central to the success of this approach is deciphering the complex underlying physiological, biochemical, and genomic characteristics of CAM. CAM is largely understudied, but recent work in several model and crop species has provided great advances towards our understanding of CAM pathway evolution. The genomes of two CAM species, the orchid Phalaenopsis equestris and the bromeliad pineapple, were recently sequenced, providing a basic insight into CAM pathway genes and ties of CAM to the circadian clock, respectively (Cai et al., 2014; Ming et al., 2015; Paull et al., 2016; Wai et al., 2016a,b; Zheng et al., 2016) . Here we present a comprehensive spatial and temporal survey of gene expression in pineapple leaf tissues. This high-resolution, diel dataset allowed us to identify changes in cis-regulatory regions, gene co-expression networks, metabolism, and developmental ques that underlie the CAM pathway. Together, these resources provide a foundation for targeted engineering of CAM into C 3 crop species DePaoli et al., 2014; Yang et al., 2015) .
RESULTS

Diurnal expression patterns across the pineapple leaf
We have previously identified 38 genes putatively involved in the carbon fixation module of CAM in pineapple, including the key enzymes carbonic anhydrase (CA), phosphoenolpyruvate carboxylase (PEPC), phosphoenolpyruvate carboxylase kinase (PPCK), NAD-and NADP-linked malic enzymes (ME), malate dehydrogenase (MDH), phosphoenolpyruvate carboxykinase (PEPCK), and pyruvate, orthophosphate dikinase (PPDK) (Ming et al., 2015) . Although the core CAM carboxylation and decarboxylation pathway genes are well characterized, little information is known about the regulatory networks controlling the temporal phases of CAM and the distribution of CAM activity across the leaf. To investigate diel mRNA expression patterns, we collected RNA-seq samples at 2-h intervals over a 24-h period from field-grown green (photosynthetic) and white (non-photosynthetic) leaf tissue. We also collected samples across the leaf gradient at midday and midnight, with three apical segments corresponding to source tissue (green, photosynthetic, S4-S6) and three basal segments corresponding to sink tissue (white, non-photosynthetic, S1-S3; Figure 1a) .
From the temporal RNA-seq data, we constructed a differential gene co-expression network (dGCNA; Priest, 2016; see methods) that compared the diel mRNA expression patterns in green and white leaf tissue to survey sourcesink relations and discriminate CAM-related genes from genes with a general circadian oscillation (see methods). This approach identified 28 gene co-expression clusters with positive co-expression in green tissue and no correlated expression in white tissue (Figures 1b and S1) . A subset of eight clusters with CAM-associated circadian oscillation is shown in Figure 1 (b) . This subset includes clusters with early morning induction (clusters 1, 2, 5, and 8), clusters with peak expression in late afternoon when stored CO 2 is depleted (clusters 4 and 18), a cluster with peak nocturnal expression (cluster 16), and clusters with other cycling patterns. Clusters with early morning induction are enriched with photosynthesis and light signalingrelated Gene Ontology (GO) terms and carbon metabolism Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Clusters with peak afternoon expression are enriched in stress response and signaling-related GO terms.
We also identified 46 co-expression clusters that have positively correlated co-expression in white tissues and no correlated expression in green tissues ( Figure S2 ). This coexpression network contains several clusters with expression patterns mirroring leaf source-sink relationships. Four clusters (clusters 4, 5, 6 and 15) show peak expression in the late afternoon, consistent with accumulation and transport of photosynthate. These clusters are enriched in GO terms related to starch and sucrose metabolism, glycolysis and gluconeogenesis, and amino acid biosynthesis among others. Contrasting the dGCNA results in green tissue, no clusters in white leaf tissue showed expression induction in response to light.
Two clusters in the co-expression network (clusters 1 and 16) have an enrichment of CAM-related genes, including CA, PEPC, PPCK, NAD-ME, MDH and PPDK (Figure 1b) . A metabolic pathway enrichment analysis of these two clusters suggests they have different biological functions. Cluster 1 is enriched in cellular development pathways such as amino sugar and nucleotide sugar metabolism, ascorbate and aldarate metabolism, and glycerophospholipid metabolism (Table S1 ). Cluster 16 is enriched in carbon fixation, chlorophyll and antenna protein genes, this is in addition to genes involved in immediate downstream processes associated with carbon fixation, including glycolysis and gluconeogenesis, pentose phosphate pathway, fructose and mannose metabolism, and carbon metabolism (Table S2 ). In cluster 1, three ion transporters/ channel genes and one protein kinase gene involved in Arabidopsis stomatal movement are also linked with this network. These four genes are potassium transporter (AKT, Aco011254.1), potassium channel (KAT, Aco010657), SLAC1 anion-channel homologue (SLAH, Aco010756.1) and the key regulatory protein kinase, and open stomata 1 (OST1, Aco011646.1).
Cluster 1 also contains a significant number of core circadian clock genes, including CCA1/LHY, GIGANTEA, PSEUDO-RESPONSES REGULATOR 7, and PSEUDO-REPRESONSES REGULATOR 9 (Table S3 and Figure S3 ). Furthermore, a promoter enrichment analysis using the ELEMENT algorithm (Mockler et al., 2007) showed that cluster 1 genes are enriched with circadian-related cis-acting elements including the G-box (CACGTG), and evening motifs (AAAATATCT), and CCA1 (AAAAATCT) binding sites (Table S4) .
To explore the patterns of post-transcriptional regulation of gene expression, we sequenced microRNAs at 2-h intervals from the same diel white and green pineapple leaf tissue as the RNA-seq samples. Previously, four Arabidopsis microRNA families (miR167, miR168, miR171, and miR398) were reported to show diel expression patterns (Sir e et al., 2009) . Here, we also observed miRNA diurnal accumulation in these four families (Figure 2 ) except for miR398 ( Figure S4 ), which shows arrhythmic expression in both green and white tissue. We discovered additional microRNAs with strong diel cycling in their expression levels ( Figure 2 ). Among the 108 annotated pineapple miRNAs, five showed rhythmic diel expression in both green and white leaf tissue, eight in green only, and seven in the white only (Figure 2a-c) . Our study indicates that 20% of total miRNAs, belonging to 14 miRNA families, are transcribed rhythmically in pineapple leaf tissue. This circadian miRNA expression could be controlled directly by the circadian clock, environmental stimuli, or abundance of target mRNA in order to regulate oscillating metabolic pathways.
To identify potential miRNA regulation of photosynthesis processes, we predicted the miRNA targets using the plant miRNA-based programs, psRNATarget and TAPIR (Bonnet et al., 2010; Dai and Zhao, 2011) . In this analysis, we only focused on miRNA-mRNA target pairs that are cross-validated between these two programs, which previously showed the highest prediction accuracy on true positives with minimal false positives (Srivastava et al., 2014) . Two CAM pathway genes, PPCK1 and MDH, were predicted to be regulated by miR164c-3p and miR166e-3p, respectively (Table S5) . Interestingly, PPCK1 has nocturnal cycling RNA expression with a negative correlation between miRNA and RNA expression in the green leaf tip (r = À0.65), but not in the white base (r = 0.40).
We also surveyed mRNA expression changes across the pineapple leaf gradient at two-time points: 6 h after sunrise (12 p.m.) and 4 h after sundown (10 p.m.) with three segments (S4-S6) corresponding to photosynthetic and three (S1-S3) to non-photosynthetic leaf tissue ( Figure 1a ). The 20 715 pineapple genes with detectable mRNA expression were clustered into 40 co-expression clusters using k-means clustering (Figures 3 and S5 ). Of these, 9335 genes fall under the same cluster in both day-time and night-time leaf gradients and 11 380 genes fall into different clusters. Among the genes in different clusters in the day and night gradients, 4252 genes fall into clusters with similar mRNA expression patterns, but of different magnitudes and 7128 genes have different mRNA expression patterns. CAM pathway genes are enriched in clusters 24 and 31, which show low levels of expression in white leaf segments, but high levels of expression in green segments.
Expression patterns of CAM-related transporters
Nocturnal fixation of CO 2 and synthesis of malic acid in phase I of the CAM cycle is sustained by glycolytic breakdown of storage carbohydrate to supply the acceptor molecule PEP. In addition to transitory starch, much of this reservoir of storage carbohydrate in pineapple exists as vacuolar hexose (mainly fructose and glucose), which accumulates during the day-time and is consumed in the course of the following night (Christopher and Holtum, 1996) . This cycle of vacuolar sugar accumulation and remobilization is driven by photosynthetic production of cytoplasmic sucrose, which is transported into the vacuole during the day and hydrolyzed by vacuolar acid invertase to fructose and glucose (McRae et al., 2002; Holtum et al., 2005; Antony et al., 2008) . In the ensuing dark period, this vacuolar hexose effluxes out of the vacuole to provide a substrate for glycolytic production of PEP in the cytoplasm. Candidate genes for key components of this vacuolar sugar cycle can be identified in the pineapple genome based upon their diel mRNA expression profiles and spatial expression along the leaf gradient.
Of the 36 pineapple genes identified belonging to the so-called monosaccharide transporter-like (MST) family of the major facilitator superfamily (MFS) (Lalonde et al., 2004; Chen et al., 2015) , mRNA transcripts for two genes, Aco011916.1 and Aco015779.1, show homology to members of clade III (MSSP-like, or TST transporters) of the MST family and are highly expressed in green tissue and exhibit strong day-night cycling, with peak expression of the former in the early afternoon and of the latter close to dawn ( Figure S6a ). Both Arabidopsis and sugar beet (Jung et al., 2015) transporters from this clade have been shown to function in sucrose transport into the vacuole, so these pineapple genes represent strong candidates for the transporter required for sucrose import into the vacuole during the day. Gene Aco005379.1, belonging to clade IV (GLUT6/ 8, or AtERD6-like genes) of the MST family, is a candidate for a vacuolar hexose exporter, as the closest Arabidopsis homologue, AtESL1, has been shown to function in lowaffinity efflux of monosaccharides out of the vacuole (Yamada et al., 2010; Eom et al., 2015; Hedrich et al., 2015) . Indeed, a translational fusion protein constructed from a cDNA called AcMST1, amplified from pineapple and corresponding to gene Aco005379.1, was previously shown to localize to the tonoplast and endoplasmic reticulum (Antony et al., 2008) . Aco005379.1 is highly expressed in green tissue, but did not show significant day-night cycling ( Figure S6a ), so this protein may be under posttranslational control to restrict hexose efflux from the vacuole to the nighttime, thereby minimizing futile cycling. Pineapple also possesses three members of the vacuolar acid invertase gene family (Aco017533.1, Aco023030.1, and Aco023036.1). All three genes show particularly high transcript levels in green tissue and a strong day-night cycle, with peak expression in either early or late morning (Figure S6b) . This enzyme would be able to hydrolyze vacuolar sucrose to hexose to complete the link between phase III and phase I of the CAM cycle.
Following its synthesis at night, malate must be removed from the site of production in the cytosol into the vacuole to prevent feedback inhibition of PEPC and to restrict perturbations to cytoplasmic pH (Smith et al., 1996) . Stoichiometric accumulation of two titratable protons per malate in the large central vacuole is one of the hallmarks of tissues performing CAM, accounting for the pronounced day-night changes in tissue acidity known for centuries from many succulent plants (Smith et al., 1996) . Energiz of the vacuolar membrane in these assimilatory cells is brought about by two proton pumps working in parallel, the H + -ATPase (V-ATPase) and H + -PPiase (VPPiase), which generate an inside-positive electrical potential difference and sustain a transmembrane pH difference approaching 4 pH units. The multimeric V-ATPase can represent 30% of the tonoplast protein in CAM plants (Bremberger et al., 1988) and shows particularly high activity in pineapple (McRae et al., 2002) . Single genes representing the A (catalytic) and B (nucleotide-binding) subunits of the V-ATPase (Aco008300.1 and Aco015226.1, respectively) were among the most highly expressed transcripts in the green CAM-performing sections of the pineapple leaf. In addition to the eight subunits of the peripheral portion of the enzyme (Sze et al., 2002) , genes encoding all five subunits of the membrane-integral sector of the V-ATPase were identified in the pineapple genome, and each subunit has higher expression in green tissues than the white leaf base. Several subunits were also expressed in modest day-night cycling, with peak transcript levels in the late morning ( Figure S6c ). The catalytic activity of the second proton pump, the V-PPiase, is up to 15-fold lower than that of the V-ATPase in pineapple (McRae et al., 2002) , which might help to avoid competition for substrate with PFP during the night; yet surprisingly, the pineapple genome contains five copies of the gene encoding the K + -dependent isoform of the V-PPiase, AVP1, one of which (Aco008167.1) shows high transcript levels in green tissue, peaking in expression around midday ( Figure S6c) .
In response to the electrical component of the transmembrane proton gradient established by these two pumps, malate anions are transported into the vacuole through an inward-rectifying, anion-selective ion channel (Hafke et al., 2003) , identified in Arabidopsis mesophyll cells as a member of the aluminum-activated malate transporter gene family, AtALMT9 (Kovermann et al., 2007; De Angeli et al., 2013) . Two genes orthologous to AtALMT9 (Aco003023.1 and Aco010725.1) were the most highly expressed members of the ALMT gene family in green tissue and are thus prime candidates for this malate-influx pathway. Both psRNATarget and TAPIR also predicted the malate transporter AcALMT9 (Aco003023.1), as target of miR172d-5p. How the malic acid accumulation phase then switches at the start of the light period to malate efflux from the vacuole, thereby initiating the decarboxylation phase of the CAM cycle, is not yet properly understood. Neither the signaling intermediates involved in this key regulatory step nor the transport pathway itself have been identified in CAM plants, although a possible candidate might be the tonoplast dicarboxylate transporter (tDT) first characterized in Arabidopsis (Emmerlich et al., 2003) . This candidate is encoded by a single gene in all plant genomes sequenced to date, as is also the case in pineapple (Aco000795.1), in which the tDT transcript showed strong day-night cycling, with peak transcript expression around dawn ( Figure S6d ).
Cycling regulation of glycolysis and gluconeogenesis
We annotated the nine enzymes involved in glycolysis and gluconeogenesis in the pineapple genome and found that the highest expressed copy of these nine enzymes shows stronger expression in photosynthetic green tissue (segments 4-6) than the non-photosynthetic white base (segments 1-3) along the leaf gradient (Figure 4) . Most of these enzymes falls into cluster 31 of the leaf segmentation co-expression network with a pattern of high expression in photosynthetic segments (Figure 3) . Six of these genes (Aco002739.1, Aco000731.1, Aco016862.1, Aco006606.1, Aco007146.1, and Aco020962.1) are expressed rhythmically in green tissues with two peaks: one at midnight and one around midday, and the remaining three enzymes (Aco024201.1, Aco024987.2, and Aco018596.1) show arrhythmic expression. These nine gene copies all have a non-cycling expression in the white leaf base tissues (Figure 4b ). This indicates these nine enzymes use the same gene copy to coordinate both glycolysis and gluconeogenesis activity and their diurnal expression are under the control of unknown regulatory mechanisms in only the green photosynthetic leaf tissue. This day-night interchanging of glycolysis and gluconeogenesis processes is unique and essential to CAM photosynthesis for recycling metabolites to conserve energy while maximizing photosynthetic efficiency. The expression data show the tightly controlled expression of enzyme genes within leaf in order to initiate glycolysis and gluconeogenesis temporally and spatially.
During the day, the end-product of gluconeogenesis, fructofuranose 6-phosphate, is converted to sucrose, which is imported into the vacuole for storage. Three enzymes participate in the conversion of fructofuranose 6-phosphate to UDP-a-D-glucose (glucose-6-phosphate 1-epimerase, phosphoglucomutase, and UTP-glucose-1-phosphate uridylyltransferase) and the highest expressed copy of each enzyme shows a strong diurnal expression with expression mainly in green leaf segments (segment 4-6) ( Figure 4c ). This expression pattern coincides with the increase of fructose and glucose contents in the green leaf tissue starting from 8 a.m. (Figure 4a ). Surprisingly, the two key genes involved in glucose to sucrose conversion (sucrose-phosphate synthase and sucrose-phosphate phosphatase) are expressed nocturnally.
The sucrose produced by gluconeogenesis during the day is imported into the vacuole and hydrolyzed to fructose and glucose, which are phosphorylated by hexokinase, fructokinase and glucose-6-phosphate 1-epimerase for incorporation into glycolytic processes primarily at night. The most highly expressed gene copies of these three enzymes (Aco011398.1, Aco005636.1, and Aco005368.1) have strong nocturnal expression starting from around midnight until 8 a.m. (Figure 4d ), which is supported by the physiology showing fructose and glucose concentrations in the green leaf tissue declining from 6 p.m. to 8 a.m. (Figure 4a ).
Long-distance hexose transport within the pineapple leaf
Excess hexoses (fructose plus glucose) produced in photosynthetic leaf tissues are transported to sink tissues such as roots and fruit. Within the pineapple leaf, the basal part is non-photosynthetic and thus, relies on hexose and other metabolites from the leaf tip for growth. During phloem loading, sucrose at the source tissue (i.e. leaf tip) is imported into the vascular parenchyma and companion cells through the control of sugar transporters, SWEET11/ 12 and SUT1, respectively (Sauer and Stolz, 1994; Chen et al., 2012) . We identified two homologues of AtSUT1 (Aco004131.1 and Aco004135.1) and one homologue of AtSWEET11 and AtSWEET12 (Aco001900.1). These two transporters showed diurnal cycling expression in the leaf tip, but non-cycling expression in the leaf base ( Figure S7 ), and SUT1 is expressed earlier in the day than SWEET11/ 12. The diurnal expression of sugar transporters in green tissue is coupled with the increase of sucrose content between 6 a.m. to 1 p.m. detected in the white base (Figure 5a) , suggesting the sucrose is transported from the source (green leaf tip) to sink (white leaf base) during the day as expected.
Along the leaf gradient, SWEET11/12 is expressed mainly in the developing leaf blade (segment 4) during the day and the night ( Figure S7b) . However, the two copies of SUT1 show contrasting temporal expression patterns with high expression in the leaf tip during the day with a transition to high expression in the leaf base (segment 1) at night (Figure S7b) . This dynamic expression pattern suggests that SUT1 controls phloem loading at the leaf base at night and that sucrose is transported to various sink tissues, including the leaf tip, which has a high demand of sucrose for glycolysis during the night. SUT1 at the white base is highly expressed at 6 p.m. and 2 a.m., which coincides with the surge of sucrose content in the green leaf tissue (Figure 5a) .
Recently, a leaf fructose transporter, SWEET17, was identified in Arabidopsis (Chardon et al., 2013) and this uniport transporter is responsible for fructose efflux out of leaf. In pineapple, this gene is expressed at low levels in green leaf segments (segments 4-6), but at high levels in the white base (segments 1-3; Figure S7b ). SWEET17 shows a non-cycling pattern in both green and white tissues, with higher expression at night. The high nocturnal expression of SWEET17 in the leaf base suggests that fructose is also exported from the leaf base to leaf tip during the night to supply fructose for glycolysis. However, based on the relatively low expression levels of SWEET17 in green tissues, it is unlikely that fructose is exported in high quantities from photosynthetic tissues, or SWEET17 is not Figure 5 . Overview of proposed interchanging sink-source relationship along the pineapple leaf. During the day, sucrose produced from photosynthesis at the leaf blade is loaded into the phloem through transporters (SUT and SWEET11/12) and distributed to sink tissues including the leaf sheath for storage and other metabolic purposes. At night, fructose and sucrose in the leaf sheath is exported to various tissues such as the shoot apical meristem, root, and leaf sheath, where there is a high demand of hexose for glycolysis. The leaf sheath is a sink tissue in the day-time and it serves as a source tissue nocturnally to provide hexose to various tissues. [Colour figure can be viewed at wileyonlinelibrary.com]. a major transporter for fructose loading in the leaf tip. The increasing SWEET17 expression towards the leaf tip is also observed in rice and maize leaves, based on leaf segment RNA-seq data (Wang et al., 2014) , suggesting SWEET17 has a conserved role in monocots.
DISCUSSION
The greater WUE of CAM plants provides a potential target pathway for engineering crop plants with improved WUE and drought tolerance . Deciphering the complex underlying physiological, biochemical, and genomic characteristics of CAM is the first step towards understanding and ultimately reverse-engineering the CAM pathway. The temporal and spatial transcriptome and small RNA datasets presented here are among the most comprehensive photosynthesis-based expression atlases collected to date for a CAM species (see also Abraham et al., 2016) . The sequenced pineapple genome facilitated the analyses of transcriptomes and small RNAs during CAM photosynthesis (Ming et al., 2015; Fang et al., 2016; Singh et al., 2016; Zhang et al., 2016) . The high resolution of data points through time and across the leaf developmental gradient provides an unprecedented expression profile of genes encoding CAM-related functional processes. Through sampling diel expression patterns in both green and white pineapple leaf tissue, we were able to distinguish gene co-expression modules related to the CAM photosynthetic pathway from unrelated circadian processes. Most CAM pathway genes are localized in two co-expression clusters with strong diurnal expression patterns. These two modules are enriched for core circadian clock genes and clockassociated cis-regulatory sequences. Genes involved in the immediate downstream processes associated with carbon fixation, stomatal movement, and carbohydrate transport are also enriched in these clusters.
Compartmentalization of malate and hexose is a unique characteristic of CAM photosynthesis. However, few malate and hexose/proton vacuolar transporters controlling this flux have been characterized in CAM plants. We identified candidate transporters based upon diurnal expression profiles, spatial expression along the leaf gradient, and gene interaction networks. We also identified two sucrose transporters (SUT1 and SWEET11/12) with cycling expression and fluctuation along leaf gradient that may be controlling long-distance hexose transport in pineapple. The proposed regulation of hexose transport along the pineapple leaf is shown in Figure 5 . The fructose transporter, SWEET17, does not show any cycling of mRNA expression, but has an unexpectedly high expression in the non-photosynthetic leaf base. Previous studies showed low leaf expression in Arabidopsis (Chardon et al., 2013) , which has distinct leaf morphology compared with monocots. Pineapple, rice and maize leaf segment RNA-seq data all suggest that SWEET17 plays a pivotal role on exporting fructose from leaf sheath. We propose that bidirectional hexose transport occurs between the leaf tip and base and the role of sink and source cycles daily within the same pineapple leaf.
Gene family expansion was previously proposed as the driver of CAM pathway evolution through neofunctionalization of newly duplicated gene copies (Silvera et al., 2010; Cai et al., 2014) . Pineapple has a normal number of CAM pathway genes, carbohydrate, transporters and stomatal movement genes compared with other CAM, C 3 , and C 4 photosynthesis species (Ming et al., 2015) . Thus, CAM in pineapple has probably evolved through the regulatory neofunctionalization of pre-existing gene copies, this hypothesis is supported by enriched clock-associated cisregulatory regions in key CAM pathway genes. This finding suggests that CAM activity could be engineered through the reprogramming of regulatory regions of pre-existing C 3 genes that govern nocturnal CO 2 uptake and fixation and cognate stomatal movement genes to shift stomatal opening to the night-time. 
EXPERIMENTAL PROCEDURES Plant materials
Biochemical analyses
For carbohydrate analyses, 100 mg of ground leaf tissue was extracted in 1 ml of 80% HEPES-buffered ethanol (pH 7.8). This extract was used for measuring glucose, sucrose, and fructose content using the Glucose, Sucrose, and Fructose assay kits, respectively (Sigma-Aldrich, #GAHK20, #SCA20, #FA20). The pellets following ethanol extraction were then solubilized by 0.1 M NaOH at 65°C and followed by acidification with sodium acetate to pH 4.9 for starch content determination using the Starch assay kit (Sigma-Aldrich, St. Louis, MO, USA; #SA20). All biochemical assays were performed on three biological replicates per time point or leaf segment.
RNA extraction and library construction
Total RNA and small RNA were extracted from ground leaf using the Qiagen RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA; #74904) and mirVana TM miRNA Isolation kit (Invitrogen, Waltham, MA, USA; #AM1560), respectively, following the manufacturer's protocol. DNA contamination was removed using the DNA-free TM DNA Removal Kit (Life Technologies, Waltham, MA, USA; #AM1906M). RNA-seq libraries were constructed using the Illumina TruSeq Stranded RNA Sample Preparation Kit (Illumina, San Diego, CA, USA; #RS-122-2001) and the libraries were sequenced on an Illumina HiSeq2500 System under paired-end 100 nt mode. For small RNA samples, libraries were constructed using the Illumina small RNA sample prep kit (Illumina, and sequenced under single-end 50 nt mode. Three biological replicates were sequenced for each time point and leaf segment.
RNA-seq read processing and gene expression analysis
The trimmed paired-end reads of each sample were aligned to the repeat-masked pineapple assembly version 3 using TopHat (v2.0.9) with default settings (Trapnell et al., 2012) . The normalized FPKM values of each sample were estimated by Cufflinks v2.2.1, followed by Cuffnorm v2.2.1 (Trapnell et al., 2012) using default settings with the version 3 pineapple gene model annotations (Ming et al., 2015) . FPKMs for the pineapple diel RNA-seq data can be found in Tables S6 and S7 .
Gene co-expression network construction of diel expression dataset Gene co-expression networks for the pineapple diel expression datasets were constructed using the dGCNA algorithm (https:// github.com/hdpriest/dGCNA; Priest, 2016) . dGCNA identifies statistically significant adjacency differentials between nodes (genes) in two independent gene co-expression networks. This approach allows direct comparisons of similar expression datasets (in this case green versus white pineapple leaf tissue). The scale-free topology criterion approach was used to identify a cut-off for significant differential adjacency and differential adjacency calculations and gene co-expression elasticity network calculations were run using default settings. In total, 28 positive co-expression modules in green tissue and 46 positive co-expression modules in white tissue were identified.
K-means clustering of leaf segment expression dataset
The FPKM values of the leaf segment RNA-seq data obtained at 10 p.m. and 12 p.m. were pooled together as a single dataset. Genes with no expression among all leaf segments (S1-S6) at 10 p.m. and/or 12 p.m. were removed from the analysis and 20 715 genes were used for k-means clustering. The FPKM value of each data point was normalized by Log2. The optimal number of clusters was determined by a sum of squared error plot using R from k = 1 to k = 60. This elbow method determined the optimal number of clusters as 40. Clustering was performed using the k-means clustering algorithm (Hartigan and Wong, 1979) .
Metabolic pathway construction and enrichment analysis
Pairwise genomic alignments using QUOTA-ALIGN (Tang et al., 2011) combined with OrthoMCL (Li et al., 2003) analyses, filtered to one-to-one hits were used to identify orthologous gene clusters between Ananas comosus and Sorghum bicolor, Oryza sativa, Vitis vinifera, and Arabidopsis thaliana. See Phytozome v9.1 (www.phytozome.net) for genomic datasets for each species. The complete Ananas-Arabidopsis orthologue list was filtered to genes with functional data in the STRING v9.1 global Arabidopsis gene interaction network (Franceschini et al., 2013) , which encompasses primary metabolism as well as various signaling and regulatory pathways. The gene expression patterns were mapped onto this network using Cytoscape v3.1.1 (Saito et al., 2012) to identify clusters of interacting genes. Enrichment analyses were calculated using tools and curated descriptions of gene functions from the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000) and Gene Ontology (GO) Consortium databases (Ashburner et al., 2000) .
MicroRNA-seq read processing and abundance analysis
The adaptor-trimmed 18-35-bp microRNA-seq reads were aligned to pineapple microRNA annotation (Ming et al., 2015) using bowtie (Langmead and Salzberg, 2012) . Perfect matches were retained, excluding those matching rRNAs, tRNAs, snRNAs and snoRNAs. For each miRNA, the expression was normalized as the count of mapped miRNA reads to the total number (in million) of mapped miRNA in each library (CPM). The average expression (in CPM) was calculated from the mean of three biological replicates for each sample tissue.
The potential mRNA target for each miRNA was predicted by two programs, psRNATarget and TAPIR (Bonnet et al., 2010; Dai and Zhao, 2011) . For psRNATarget, a cut-off score of 5 was used and for TAPIR, a hybrid method (TAPIRhybrid) with a cut-off score of 10 was used. Only the miRNA-RNA targets that are shared by both programs were used in this study as the intersection of these two programs showed the highest prediction precision in nonArabidopsis datasets previously (Srivastava et al., 2014) . We screened for target genes involved in vacuolar malate transport, hexose transport, and CAM photosynthesis (carboxylation and decarboxylation). For any target genes involved in the aforementioned pathway, the 24-h mRNA and miRNA expressions were tested for correlation using Pearson's correlation (r).
Accession numbers
The leaf time point RNA-seq data was previously published (Ming et al., 2015) and available at NCBI BioProject PRJNA305042 (BioSample SAMN04316498-SAMN04316584) and the leaf gradient RNA-seq data were deposited under the same BioProject (BioSample SAMN07180893-SAMN07180928). The leaf time point microRNA-seq data are available at NCBI BioProject PRJNA311758 (BioSample SAMN04490819-SAMN04490883). Both RNA and microRNA-seq data can also be downloaded from https://mpss.da nforthcenter.org/dbs/index.php?SITE=pineapple_RNAseq and https://mpss.danforthcenter.org/dbs/index.php?SITE=pineapple_ sRNA, respectively. The pineapple genome assembly and gene annotation are available at JGI Phytozome (V12.1; https://phyto zome.jgi.doe.gov). Figure S4 . Arrhythmic expression of miRNA398 on green leaf tip and white leaf base. Figure S5 . Co-expression clusters across the pineapple leaf gradient. Figure S6 . Expression of hexose transporters, vacuolar acid invertases, proton pump and malate transporters in the pineapple leaf. Figure S7 . Expression of sucrose and fructose transporters across the pineapple leaf. Table S1 . Metabolic pathway enrichment analysis in diel gene coexpression network cluster 1. Table S2 . Metabolic pathway enrichment analysis in diel gene coexpression network cluster 16. Table S3 . Circadian rhythm genes enriched in cluster1 that have positive interactions in the green leaf tissue. Table S4 . Over-represented motif sequences located at promoter sequences of cluster 1 genes which have positive interactions in green leaf tissue. Table S5 . miRNA-RNA targets predicted by program psRNATarget and TAPIRhybrid. Table S6 . Average FPKM expression of pineapple leaf white base over 24-hour diel time course. Table S7 . Average FPKM expression of pineapple leaf green tip over 24-hour diel time course.
